ABSTRACT: Nevirapine (NVP) treatment is associated with a significant incidence of liver injury. We developed an anti-NVP antiserum to determine the presence and pattern of covalent binding of NVP to mouse, rat, and human hepatic tissues. Covalent binding to hepatic microsomes from male C57BL/6 mice and male Brown Norway rats was detected on Western blots; the major protein had a mass of ∼55 kDa. Incubation of NVP with rat CYP3A1 and 2C11 or human CYP3A4 also led to covalent binding. Treatment of female Brown Norway rats or C57BL/6 mice with NVP led to extensive covalent binding to a wide range of proteins. Co-treatment with 1-aminobenzotriazole dramatically changed the pattern of binding. The covalent binding of 12-hydroxy-NVP, the pathway that leads to a skin rash, was much less than that of NVP, both in vitro and in vivo. An analogue of NVP in which the methyl hydrogens were replaced by deuterium also produced less covalent binding than NVP. These data provide strong evidence that covalent binding of NVP in the liver is due to a quinone methide formed by oxidation of the methyl group. Attempts were made to develop an animal model of NVP-induced liver injury in mice. There was a small increase in ALT in some NVP-treated male C57BL/6 mice at 3 weeks that resolved despite continued treatment. Male Cbl-b −/− mice dosed with NVP had an increase in ALT of >200 U/L, which also resolved despite continued treatment. Liver histology in these animals showed focal areas of complete necrosis, while most of the liver appeared normal. This is a different pattern from the histology of NVP-induced liver injury in humans. This is the first study to report hepatic covalent binding of NVP and also liver injury in mice. It is likely that the quinone methide metabolite is responsible for NVP-induced liver injury.
■ INTRODUCTION
Nevirapine (NVP, Viramune, TOC graphic) is a nonnucleoside reverse transcriptase inhibitor used for the treatment of HIV-1 infections. Treatment with NVP is associated with a significant incidence of idiosyncratic skin rashes and/or liver toxicity. 1 The incidence of skin rashes is approximately 9%. They are usually mild to moderate in nature; however, 16% of NVP-induced rashes are very severe, including Stevens-Johnson syndrome and toxic epidermal necrolysis. 2 In 2000, the FDA placed a black box warning on NVP due to hepatotoxicity, which occurs in 6% of patients and can be life threatening. 2 The incidence of elevated serum alanine transaminase (ALT) in NVP-treated patients, which is the first indication of liver injury, is between 8 and 18% and typically occurs within the first six weeks of treatment. 3 Liver injury normally resolves when the drug is stopped, but it can lead to fulminant liver failure and death. There also exists evidence for increased risk of liver injury in non-HIV patients, which may be due to higher CD4 cell counts. 4 The mechanisms of idiosyncratic liver injury and skin rashes are currently unknown, but most idiosyncratic drug reactions appear to be mediated by reactive metabolites. We developed an animal model of NVP-induced skin rash in Brown Norway (BN) rats that is clearly immune-mediated and has characteristics very similar to the rash in humans; however, the rats did not develop liver toxicity. 1, 5 We postulated that the 12-hydroxylation pathway was involved in the induction of the skin rash; therefore, we replaced the hydrogens on the methyl group with deuterium to slow down the rate of 12-hydroxylation (TOC graphic). We found that this analogue (DNVP) did not cause a skin rash as predicted, but instead of higher blood levels because one of the major metabolic pathways was inhibited, we found that the blood levels of DNVP were actually much lower than those of NVP at the same dose. 6 Although the reason for this was not immediately obvious, we ultimately concluded that, in addition to oxygen rebound to form 12-OH-NVP, the intermediate free radical in the P450-mediated oxidation could also lose a hydrogen atom to form a reactive quinone methide (TOC graphic). A glutathione conjugate consistent with the quinone methide intermediate has been reported; 7, 8 however, it could also come from a sulfate conjugate of the 12-OH-NVP.
In this study, we used an antiserum against NVP to study the covalent binding of NVP, DNVP, and 12-OH-NVP to hepatic proteins in mice, rats, and humans. We also studied the effects of chronic administration of NVP to various strains of mice to determine if it causes liver injury. In addition to C57BL/6 and BALB/c, we included the Casitas B-lineage lymphoma-B (Cblb) knockout mouse (Cbl-b −/− ), which is bred on a C57BL/6 background. The Cbl gene is a mammalian gene that encodes a variety of proteins, specifically those involved in cell signaling and protein ubiquitination. Lack of ubiquitination of NVP protein adducts could lead to more persistent covalent binding and possibly toxicity. This also impairs immune tolerance; therefore, if the liver injury is immune-mediated, these animals should be at increased risk. These animals also express a mouse isoform of CYP3A4 (CYP3A11); therefore, oxidative metabolism of NVP should occur, 9 and this has the potential to lead to liver injury.
■ MATERIALS AND METHODS
Chemical Materials. NVP was kindly supplied by BoehringerIngelheim Pharmaceuticals Inc. (Ridgefield, CT). The majority of chemical reagents (1-aminobenzotriazole (ABT), tris(hydroxymethyl)-aminomethane base, methanol, DMSO, phosphate-buffered saline (PBS, pH 7.4), glycerol, silica gel, etc.) were obtained from SigmaAldrich (Oakville, ON) unless otherwise noted in the methods. Ammonium persulfate was obtained from Fisher Scientific (Fair Lawn, NJ). Sodium dodecyl sulfate and Tween-20 were obtained from BioShop (Burlington, ON). Stock acrylamide/bis solution (29:1, 3.3% C), nonfat blotting grade milk powder, and nitrocellulose membrane (0.2 μM) were purchased from Bio-Rad (Hercules, CA). Ultra pure tetramethylethylenediamine was purchased from Invitrogen (Carlsbad, CA). Amersham ECL Plus Western Blotting Detection System was obtained from GE Healthcare (Oakville, ON). Horseradish peroxidiseconjugated goat antirabbit IgG (H + L chains) and monoclonal GAPDH were purchased from Sigma-Aldrich (St. Louis, Mo). Normal goat serum was obtained from Invitrogen (Grand Island, NY). Expressed human CYP3A4, rat CYP3A1, and rat CYP2C11 (each with P450 reductase and cytochome b 5 ), 0.5 M potassium phosphate at pH 7.4, and NADPH regenerating system solutions A and B were purchased from BD Biosciences (Woburn, MA).
Instruments and Software. AlphaEaseFC (FluorChem 8800), manufactured by Alpha Innotech, now Cell Biosciences Santa Clara, California, USA, was used to image blots. Integrated density values were obtained using the SPOT DENSO function on the FluorChem 8800 Imager.
Synthesis of 12-Trideutero-NVP (DNVP). Synthesis of DNVP was carried out using the method described by Chen et al. 6 Production of Anti-NVP Anti-Serum in Male White New Zealand Rabbits. Synthesis of NVP-NAC Conjugate. The synthesis of the immunogen is outlined in Scheme 1. The first step in producing the anti-NVP antiserum was to synthesize 12-OH-NVP (2) and convert this to the benzylic chloride (12-Cl-NVP, 3). The method to produce 12-OH-NVP followed the protocol described previously 10 with minor modifications. ESI-MS; m/z (%) 283 (MH+, 100%). To convert 12-OH-NVP to 12-Cl-NVP, we followed the method of Kelly et al. 11 To 12-OH-NVP (200 mg) in dry dichloromethane (10 mL) at 0°C was added N,N-diisopropylethylamine (0.14 mL) followed by thionyl chloride (3 mL), and it was stirred under argon at room temperature for 3 h after which the thionyl chloride was evaporated by rotary evaporation. The reaction mixture was then extracted with ethyl acetate (3 × 10 mL). The ethyl acetate layer was washed with water (10 mL), dried over anhydrous sodium sulfate, and concentrated to yield crude product, which was purified with open column chromatography (silica gel, pore size 60 Å, 70−230 mesh, column dimensions 30 × 200 mm) eluted with 50% ethyl acetate/hexanes to yield 0.386 g of yellow solid. ESI-MS; m/z (%) 301 (MH + , 100%). The 12-Cl-NVP (1.78 g, 3.55 mmol) was dissolved in 18 mL of tetrahydrofuran and reacted with N-acetylcysteine (NAC, 2.31 g, 14.18 mmol) in 5 mL of triethylamine under argon reflux for 2 h. The crude mixture was cooled to room temperature, acidified to pH 3−4 by 1 N HCl and extracted with CHCl 3 . The organic layer was dried over anhydrous sodium sulfate. Chloroform was removed under reduced pressure. The nevirapine-NAC conjugate was obtained as a pale yellow solid (4) . Formation of the nevirapine-NAC conjugate was confirmed by mass spectrometry ESI-MS; m/z (%) 428 (MH + , 100%). Preparation of NVP-KLH Conjugate. All reagents and glassware were dried in a vacuum at 50°C. Activation of the carboxy groups on NAC of the synthesized 12-NAC-NVP occurred as follows: to 61.4 mg 12-NAC-NVP was added 108.5 mg of N-hydroxysuccinimide and 103.9 mg of 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochloride. Anhydrous DMF (4 mL) was introduced via syringe at 0°C. The entire mixture was sealed with a rubber stopper and stirred at 0°C for 2 h under N 2 . Methylene chloride (8 mL) was added, followed by washing with water (3 × 8 mL), and then the organic layer was partially evaporated in vacuo to yield a pale yellow solution (0.5 mL, 5). DMF (4 mL) was added followed by Keyhole limpet hemocyanin (KLH, 8 mg), and the mixture was stirred for 1 h at 4°C. The reaction mixture was then concentrated under a N 2 stream, and 1 mL water was added. Centrifugal filtration was performed to collect the protein solution, which was then lyophilized. A final white powder (10.4 mg) was obtained (6) and stored at −20°C. The same method was used to prepare a conjugate with bovine serum albumin (BSA) MALDI MS; m/z 67,139−68,569. The hapten density of the BSA conjugate was approximately 4.5 molecules of NVP-NAC/BSA as determined by the increase in mass on mass spectrometry.
Production of Anti-NVP-NAC-KLH-Antiserum. Polyclonal anti-NVP-NAC-KLH antibodies were raised in two individual 2 kg, male, pathogen-free New Zealand White rabbits (Charles River, Quebec) housed in the animal care facility at The Division of Comparative Medicine, University of Toronto. Each animal was immunized with the NVP-NAC-KLH conjugate (1 mg antigen + 100 μL of glycerol in 1.8 mL of phosphate buffered saline emulsified with an equal volume of Freund's complete adjuvant) subcutaneously at multiple sites. Injections with 500 μg of NVP-NAC-KLH in Freund's incomplete adjuvant divided into six to eight subcutaneous sites were repeated 4, 6, 8, and 12 weeks after the initial immunization. The animals were exsanguinated while under pentobarbital anesthesia 10 days after the final immunization. The serum was heat-inactivated at 56°C for 30 min before being stored at −80°C.
ELISA. NVP-NAC-BSA, BSA, or KLH (100 μL, 10 μg/mL in carbonate−bicarbonate coating buffer) were coated into the wells of a flat-bottom 96-well plate (Costar, Cambridge, MA), and the plate was incubated overnight at 4°C. The plates were washed with ELISA wash buffer (50 mM tris(hydroxymethyl)aminomethane-buffered saline, pH 8.0, and 0.05% Tween-20) three times and blocked by the addition of 100 μL of postcoat solution (50 mM Tris-buffered saline, pH 8.0, and 1% BSA) for 30 min at room temperature. Following the blocking step, the wells were washed three times, and various dilutions of the anti-NVP-NAC-KLH antiserum or preimmune serum were added to the plates, which were then incubated at room temperature for 2.5 h. The plates were subsequently washed three times with ELISA wash buffer, and horseradish peroxidase-conjugated goat antirabbit IgG (diluted 1:5000 in postcoat solution; 100 μL) was added to each well. The ELISA plates were incubated at room temperature for 2 h. Plates were then washed three times with ELISA wash buffer. Enzyme substrate (3,3′,5,5′-tetramethylbenzidine peroxidase substrate and peroxidase solution B, Kirkegaard & Perry Laboratories) was mixed in equal volumes, and 100 μL of the enzyme substrate was added to each well. The plate was incubated in the dark at room temperature for 10 min. Sulfuric acid (2M, 100 μL) was added to each well to quench the reaction. Absorbance was measured with the Basic End point Option of SoftMax Pro 5 Software, using the SPECTRA maxPLUS384 plate reader (Molecular Devices Technologies) set at 450 nm.
Animal Care. Male (200−250 g) or female BN rats (150−175 g) were obtained from Charles River (Montreal, Quebec). Rats were housed in pairs in standard cages in a 12:12 h light/dark cycle with access to water and Agribrands powdered lab chow diet (Leis Pet Distribution, Inc. Wellesley, Ontario) ad libidum. Following a one week acclimatization period, rats were either maintained on control chow or started on drug containing diet (treatment groups). The drug was mixed thoroughly with powdered lab chow if it was to be administered orally. The amount of drug administered to animals was calculated based on body weight of the rats and their daily food intake. Rats were sacrificed via CO 2 asphyxiation.
Male Balb/c or C57BL/6 mice (6−8 weeks age) were obtained from Charles River (Montreal, Quebec). Cbl-b −/− knockout mice were bred in house from animals first developed by Dr. J. Penninger at the Institute of Molecular Biotechnology of the Austrian Academy of Science, Vienna, with his kind permission. Mice were kept 4 per cage. The average weight gain was approximately 0.75 g per week (data not shown). NVP was administrated in lab chow following a one week acclimatization period. Animal experiments were approved by the University of Toronto Animal Care Committee in accordance with guidelines of the Canadian Council on Animal Care.
Treatment of Animals with NVP, 12-OH-NVP, DNVP, or ABT.
Female BN rats were treated with NVP or DNVP at 150 mg/kg/day, or 12-OH-NVP at 159 mg/kg/day (equimolar dose) orally in standard rat chow for either 8, 10, or 21 days. Dosages were based on previous work showing the induction of rash at these levels. 5 Treatment of NVP or DNVP by s.c. injection lasted 21 days with a dose of 75 mg/kg/day of either compound. ABT was dissolved in water (20 mg/mL) and administered via gavage at a dose of 50 mg/kg/day. If ABT was to be given to animals, the dose of NVP was 50 mg/kg/day via gavage. Methylcellulose (0.5%) was used to suspend NVP or metabolites given to rats by gavage or s.c. injection. All mice were started on NVP at 950 mg/kg/day in standard chow after preliminary studies showing no apparent toxicity or mortality of mice at either 550 or 950 mg/kg/day.
Incubations with Microsomes or Supersomes. Livers were homogenized in ice-cold 1.15% KCl using a Polytron 2100 homogenizer and centrifuged at 26,400g for 10 min at 4°C. The supernatant was then centrifuged at 100,000g for 50 min at 4°C. The pellet was homogenized in 4 volumes of glycerol−phosphate−KCl buffer, and aliquots were stored at −80°C. The protein concentration of the prepared microsomes was quantified using a BCA protein assay kit (Novagen, EMD Biosciences Inc.). All incubations were performed at 37°C. NVP, 12-OH-NVP, or DNVP stock solutions were prepared in methanol, and the final methanol concentration in the reactions did not exceed 1% for any incubation. 12 The microsomal incubations consisted of 100 mM potassium phosphate buffer (pH 7.4), an NADPH-regenerating system (Solution A final concentrations, 1.3 mM NADP, 3.3 mM glucose-6-phosphate, and 3.3 mM MgCl 2 ; Solution B final concentration, 0.4 Units/mL glucose-6-phosphatedehydrogenase) and microsomal homogenate (final protein concentration varying from 0.3 mg/mL to 15 mg/mL). EDTA·2Na (0.4 mM) was added to rat CYP3A1 and 2C11 incubations, and water was added to each incubation to reach a final volume of 400 μL for rat and mouse or 200 μL for human 3A4 incubations. 13 Incubations consisting of all reaction components except the NADPH-regenerating system or drug were preincubated for 5 min. The NADPH-regenerating system or drug was added to each of the test and control tubes after the 5 min of preincubation. Reactions were stopped by placing the sample vials on dry ice and storing at −80°C. 13 If microsomal incubations were to be analyzed via LC/MS, 250 μL of ice cold acetonitrile was used to quench the reaction, and internal standard (ethyl-NVP − a NVP derivative in which the cyclopropyl group has been replaced with an ethyl group, 5.4 μg/mL, 50 μL) was added to each tube, contents were centrifuged, separated by solid phase extraction (Strata solid phase extraction column C18-E, 100 mg, by Phenomenex), evaporated in vacuo at 50°C, and reconstituted to 50 μL prior to analysis.
Quantification of NVP and Its Metabolites from Microsomal Incubations. Samples were reconstituted to 50 μL with mobile phase (16% acetonitrile and 84% water with 2 mM ammonium acetate and 1% acetic acid). The samples were separated by HPLC and analyzed by mass spectrometry. The separation was performed on an Ultracarb C18 30 × 2.0 mm, 5 μm column (Phenomenex) under isocratic conditions with a mobile phase consisting of 16% acetonitrile and 84% water with 2 mM ammonium acetate and 1% acetic acid. The flow rate was 0.2 mL/min.
Mass Spectrometry Analysis. Mass spectrometry was carried out using a PE Sciex API 3000 quadrupole system with an electrospray ionizing source. The ion pairs used for this analysis were 267. min. The supernatant was mixed with Pierce reducing sample loading buffer in a 4:1 protein to buffer ratio and boiled for 5 min. Sodium dodecyl sulfate−polyacrylamide gel electrophoresis was performed using the Protean-3 minigel system (BioRad, Mississauga, ON). Gels were hand-cast (8%) or bought from Bio-Rad Canada (12%) and were run at 130 V. Electrophoresis running buffer (Bio-Rad) consisted of 25 mM Tris base, 192 mM glycine, and 0.1% sodium dodecyl sulfate, pH 8.3. Transfer to nitrocellulose membrane (0.2 μM, BioRad) occurred at 0.13 mA for 90 min at 4°C using the same Protean-3 minigel system (BioRad, Mississauga, ON). Tris-glycine transfer buffer (BioRad) consisted of 25 mM Tris, 192 mM glycine, and 20% methanol at pH 8.5. Membranes were washed twice in tris-buffered saline Tween-20 (TBST) wash solution for 5 min. Membranes were then blocked in 5% nonfat milk blocking solution in TBST. Blocking was done for 90 min at room temperature. Membranes were then rinsed with three changes of TBST for 5 min each and incubated with a 1:100 or 1:500 dilution of primary anti-NVP antiserum and 10% normal goat serum in TBST overnight at 4°C. A 20 min wash (three changes) in TBST after overnight blocking was followed by a 90 min incubation in secondary antisera (1:2000 or 1:5000 dilution) in TBST containing 10% goat serum. The secondary antisera were goat antirabbit horseradish peroxidase antisera. Membranes were washed 3 times for 20 min with TBST. All blots were incubated with enhanced chemiluminescence stain for 5 min and analyzed with a FluorChem8800 imager. To probe for the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) loading control, membranes were stripped of primary anti-NVP antiserum using Pierce Restore Plus buffer (Pierce, Rockford, IL) for 15 to 20 min at room temperature followed by a 1 h blocking step. Membranes were then incubated in mouse monoclonal anti-GAPDH antisera (1:40,000) and processed as described above except that the secondary antisera were goat antimouse horseradish peroxidase antisera diluted 1:10,000 (Jackson ImmunoResearch, Baltimore Pike, West Grove, PA.).
Analysis of in Vivo Covalent Binding Using Immunohistochemistry. The liver samples were fixed in 10% formalin and the paraffin block, hematoxylin/eosin slides, or unstained sections were prepared at the Toronto Hospital for Sick Children. For immunohistochemical staining, nonspecific sites were blocked with 10% goat serum for 1 h. At this point, the anti-NVP antiserum was diluted to 1:100 in 10% goat serum and applied to each section overnight. Following a washing step, slides were submerged in 0.3% hydrogen peroxide in methanol for 10 min to block endogenous peroxidases followed by a washing step. Secondary antiserum (goat antirabbit IgG-HRP conjugated antisera) was applied to the sections at a dilution of 1:3000 in 10% goat serum. Sections were incubated with secondary antiserum for 2 h. After a final washing step, Vector NovaRED stain was added as a substrate for the peroxidases following package protocol. Sections were then counterstained with Mayer's hematoxylin (Sigma), dehydrated by sequential immersion in increasing concentrations of ethanol, cleared in xylenes, and mounted using Permount mounting medium (Fisher, Markham, ON) .
Plasma Alanine Transaminase and Cytokine Analysis. Alanine transaminase (ALT) was assayed using the Infinity ALT (glutamic pyruvate transaminase) Liquid Stable Reagent kit by Thermo Scientific. Screening for cytokines was performed using a Luminex immunoassay mouse cytokine/chemokine kit from Millipore Corporation (Milliplex Map Kit). Homogenized liver tissue or serum samples prepared accroding to the kit's specifications were plated and analyzed following the manufacturer's instructions.
■ RESULTS
Characterization of the Anti-NVP-NAC-KLH Antiserum. ELISA analysis showed that the anti-NVP-NAC-KLH antiserum recognized the NVP-NAC-BSA conjugate or KLH but not BSA alone ( Figure 1A ). The binding of the antisera to the NVP-NAC-BSA conjugate was inhibited by preincubating the anti-NVP-NAC-KLH antiserum with NVP or its metabolites ( Figure 1B) . Inhibition was much less with 2-OH-NVP, 3-OH-NVP, and 4-COOH-NVP (the metabolite in which the methyl group has been oxidized to a carboxylic acid). Binding could still be detected at an antiserum dilution of 1/1,000,000.
Covalent Binding of NVP, DNVP, or 12-OH-NVP to Hepatic Microsomes in Vitro and Comparison to in Vivo Hepatic Covalent Binding. When microsomes produced from male BN rats were incubated with NVP, 12-OH-NVP, or DNVP, the greatest covalent binding observed was with NVP, and the stongest band was at ∼55 kDa (Figure 2A) , which corresponds to the mass of the male dominant P450 2C11/3A1 isoforms.
14 Incubation of mouse liver microsomes with NVP produced a band of slightly higher mass, ∼57 kDa ( Figure 2B ), corresponding to the mass of the dominant murine P450 3A11. 9 Significant covalent binding of 12-OH-NVP was not observed with rat microsomes, and DNVP produced a much fainter band at 55 kDa than NVP in both rodent species tested.
In vivo experiments with either species displayed a wide range of covalently modified bands that were much more intense than from in vitro experiments. The covalent binding of DNVP to both rat and mouse hepatic microsomes was also much less than that of NVP by almost 5-fold as determined by densitometry (data not shown). The amount of binding did not increase significantly beyond 15 min ( Figure 2C ).
Covalent Binding of NVP to Expressed Rat CYP2C11 or CYP3A1 Supersomes, or of NVP, DNVP, or 12-OH-NVP to Human Hepatic Expressed CYP3A4 Supersomes. Incubation of NVP with expressed rat CYP2C11 ( Figure 3A ) or CYP3A1 Supersomes (Figure 3B ), the dominant forms of P450 in male rats 14−16 led to covalent binding with major bands produced at ∼50 kDa and ∼52 kDa, respectively. In the absence of NVP as indicated in the figures, there is a small artifact band. Binding to 2C11 and 3A4 was strongest at 30 min; a decrease in the intensity of the P450 band was observed from 30 to 120 min.
The incubation of expressed human 3A4 displayed the greatest binding with NVP ( Figure 3C ) versus 12-OH-NVP or DNVP. However, 12-OH-NVP did bind to human CYP3A4 more than expected, although less than NVP, and there was much less binding of DNVP. The NVP-modified band had a mass of ∼57 kDa, which is the mass of CYP3A4. Immunohistochemistry of Liver from NVP-or DNVPTreated or NVP + ABT Co-treated Female BN Rats. Hepatic covalent binding of NVP and DNVP was greatest in the centrilobular area ( Figure 5 ). The pattern of binding was dramatically different in rats treated with a combination of NVP and the P450 inhibitor aminobenzotriazole; specifically, treatment with ABT blocked binding in the centrilobular area and shifted it to the periportal area. Co-treatment with ABT also changed the pattern of binding by Western blot, although there was still significant binding (data not shown). Clearance of NVP depends on oxidative metabolism, and so even if P450 is inhibited, it causes an increase in blood levels, but ultimately NVP is oxidized.
Oxidation of NVP or 12-OH-NVP by Rat Liver Microsomes. The carboxylic acid (4-COOH-NVP) of NVP was detected in the incubation of 12-OH-NVP with NADPH and hepatic microsomes from both male and female BN rats ( Figure 6 ). No aldehyde intermediate was detected in these reactions.
Covalent Binding, Serum ALT levels, INF-γ, and IL-6 Levels in Mice. There was no change in plasma ALT in BN rats treated with NVP (data not shown). Various strains of mice were treated with NVP to determine if it causes liver damage, covalent binding, and/or histological changes. Male BALB/c mice treated with NVP had no increase in ALT (data not shown), while there was an increase in ALT in male C57BL/6 mice at 3 weeks followed by normalization of ALT levels ( Figure 7A ). Immunoblots revealed no significant differences between the pattern and degree of binding in these two strains ( Figure 7B ). ALT levels in both male and female Cbl-b −/− mice increased at week 2, with a somewhat greater increase in male mice ( Figure 8A ) than female mice ( Figure 8C ). The animals with the largest ALT increase displayed areas of gross hepatic necrosis evident as areas of white on the surface of the liver upon sacrifice at 2 weeks. Immunoblot analysis showed the presence of a wide range of modified hepatic protein in both male ( Figure 8B ) and female ( Figure 8D ) mice. Animals with gross necrosis appeared to have slightly more binding of NVP to lower molecular mass proteins (Figure 8B,D) .
Luminex analysis for a broad range of cytokines performed on serum of mice from the 2 week study on days 1, 7, and 14 of NVP treatment revealed an increase in interferon-gamma (IFN-γ) in plasma samples of male mice on day 7 ( Figure 9B ), both in animals that developed significant necrosis and those that did not, but the level was highest in an animal that did develop necrosis. IL-6 was also increased at day 7 versus day 14 of NVP treatment in plasma of male mice ( Figure 9A ). By day 14 of NVP treatment, the cytokine levels had decreased to or close to the baseline (data not shown) for the majority of animals.
Changes in cytokines were less clear for serum samples from female Cbl-b −/− mice, and no inferences could be made (data not shown). No significant changes in cytokines were observed for GM-CSF, IL-10, 1 L-12(p70), IL-13, IL-17, 1 L-1β, IL-2, IL-4, IL-5, IL-7, IL-9, MCP-1, or TNF-α. −/− mice sacrificed after 2 weeks of NVP treatment at the time of maximal ALT elevation is shown in Figure 10 . The presence of gross necrosis, which was visible on the surface of the liver as white areas was observed in 4 of 7 treated animals. Three NVPtreated males with gross liver necrosis had ALT values ≥200 U/L. Two of 8 NVP-treated female mice with minor liver necrosis had ALT values of 286 and 80 U/L. Histology in female mice did not demonstrate as much injury as in males (data not shown). Histology of the livers of affected males showed the presence of focal subcapsular areas of massive liver necrosis ( Figure 10B,C) sharply demarcated from the adjacent viable liver. Necrotic areas were surrounded by and infiltrated by mononuclear cells, macrophages, and neutrophils. This pattern of liver necrosis suggests an ischemic injury, but no evidence of thrombi or vasculitis was observed. Multifocal necro-inflammatory hepatitis with neutrophil-rich inflammatory response was observed in the absence gross necrotic lesions in male Cbl-b −/− mouse livers. Lower doses of NVP were also tested with Cbl-b −/− mice, but no injury was seen (data not shown). In contrast, hepatic histology of C57BL/6 mice treated with NVP and sacrificed at 4 weeks displayed hepatocyte death on the edge of the lobe in one animal, as well as small focal areas of necrosis ( Figure 11B ). Induction of smooth endoplasmic reticulum ( Figure 11C ), presumably including P450 induction, was present in the histology of all mice strains tested but was most prominent for Cbl-b −/− male mice. This marked induction may have led to greater reactive metabolite formation contributing to the greater toxicity in this strain, and this appeared to be the case although the difference is subtle (Figure 12) .
Comparison of Hepatic Covalent Binding of NVP between Mice and Female BN Rats. Female BN rats treated with NVP for 1, 2, 4, or 8 days were sacrificed, and covalent binding was determined (Figure 12 ). In comparison with Cblb −/− knockout mice at 2 or 10 weeks of treatment or male C57BL/6 mice at 2 weeks of treatment, rats had significantly greater binding from day 4 onward. In all animals, the presence of a modified P450 band at ∼55 kDa was prominent and represents the largest modified band in each lane. While modified proteins in rats range from 20 to 100 kDa, it appeared that lower molecular weight proteins were modified in mice (up to 70 kDa). Treatment of Cbl-b −/− mice with NVP for 2 weeks led to greater binding than that at 10 weeks, and C57BL/6 mice displayed the least binding of the species tested.
■ DISCUSSION
An anti-NVP antiserum was produced and used to demonstrate that NVP covalently binds to hepatic proteins, both in vitro and in vivo. Binding occurred directly to P450 as demonstrated by covalent binding to expressed P450s, both rat and human. We have shown that the skin rash requires oxidation of NVP to 12-OH-NVP, 6 and most recently, we have shown that covalent binding of the benzylic sulfate of this metabolite formed by sulfotransferase in the skin is responsible for the rash (manuscript in preparation). In contrast, the majority of binding in the liver must involve direct oxidation by P450 as evidenced by the marked shift in the pattern of binding from the centrilobular region to the portal region caused by the P450
inhibitor ABT, as shown in Figure 5 . There is also less covalent binding of 12-OH-NVP than NVP in the liver. Furthermore, substitution of the methyl hydrogens with deuterium (DNVP) led to a marked decrease in covalent binding. Given that oxidation of the methyl group is involved in the covalent binding, but it does not involve 12-OH-NVP, these data provide strong evidence that the chemical species responsible for the covalent binding in the liver is a quinone methide formed by the loss of a hydrogen atom from the P450-generated free radical (TOC graphic). Others have found evidence for an epoxide reactive metabolite, 8 but these data suggest that it is less important with respect to covalent binding than the quinone methide.
Some covalent binding of 12-OH-NVP was detected in the in vitro experiments where phase II pathways such as sulfation would not occur, and the pattern of binding was somewhat different from that of NVP. This suggests that oxidation of 12-OH-NVP can lead to a reactive metabolite, although the binding is less than that for NVP. This could be due to oxidation of the benzylic alcohol to an aldehyde or oxidation of some other part of the molecule. Oxidation of 12-OH-NVP by rat hepatic microsomes led to the carboxylic acid (TOC graphic), but the intermediate aldehyde was not observed (Figure 6 ). This suggests that 12-OH-NVP is oxidized all the way to the carboxylic acid by P450 without release of the intermediate aldehyde; there is precedent for this. 6 It is conceivable that some of the aldehyde could become covalently bound to P450 and be responsible for the observed covalent binding; however, the pattern of binding was broader than that of NVP; specifically, most of the binding was to proteins with masses different from P450. Therefore, the aldehyde seems unlikely to be responsible for a significant amount of the covalent binding of 12-OH-NVP. To re-emphasize, the data strongly implicate the quinone methide as being the major species responsible for covalent binding of NVP in the liver.
Although we had previously observed some strange inclusion bodies in the livers of rats treated with NVP, we did not observe an increase in ALT even though there was a significant degree of covalent binding. This suggests that covalent binding may be necessary but not sufficient to produce liver injury; this is consistent with an immune mechanism. We attempted to develop an animal model of NVP-induced liver toxicity in mice. Mice metabolize NVP much faster than rats, and even higher doses did not produce easily detectable blood levels of NVP or outward signs of toxicity. However, even with higher doses and more rapid metabolism, the amount of covalent binding in mice was less than that in BN rats. Treatment of C57BL/6 mice with NVP led to a small increase in ALT in some animals that resolved despite continued treatment. This is the pattern of adaptation frequently observed in humans treated with a drug that can cause more severe idiosyncratic liver injury. Liver histology in these mice revealed moderate inflammatory nodules and areas of mild focal necrosis ( Figure 11B,C) . Although the covalent binding in BALB/c mice was similar to that in C57BL/6 mice, no increase in ALT was observed in BALB/c mice. We then treated Cbl-b knockout mice with NVP. Cbl-b −/− mice lack E3 ubiquitin ligase, which leads to impaired immune tolerance; however, the animals are phenotypically normal. This deficiency could also lead to increased covalent binding if ubiquitin ligase is required for clearance of modified proteins, and this appeared to be the case (Figure 12 ). We found that there was a much greater increase in ALT in some of the Cbl-b −/− mice than in the C57BL/6 mice, but the ALT also returned to normal despite continued treatment with the drug. Histology performed at the time of peak ALT (14 days) showed areas of complete necrosis with a local inflammatory response. These appeared to represent ischemic lesions because cells close to the liver capsule were spared presumably because they could benefit from diffusion through the liver capsule. However, no vascular lesions were evident histologically.
Luminex analysis of cytokines performed on serum samples from Cbl-b −/− mice sacrificed at the time of ALT peak displayed a significant increase in serum IFN-γ and IL-6 in some of the animals ( Figure 9A,B) . This increase was most prominent on day 7 rather than day 1 or 14 in the majority of mice, and it occurred before the ALT increase at day 14. An elevation in cytokines or immune factors that occurs earlier than increases in other toxicity markers (i.e., ALT) is consistent with an immune response. At the study end point of 14 days, IFN-γ in liver samples of male Cbl-b −/− mice was also elevated to ∼100 pg/mL for two mice (data not shown) with gross necrosis compared with 39 pg/mL for control mice. One mouse with elevated IFN-γ in the liver (130 pg/mL) on day 14 also had markedly elevated plasma IFN-γ (866 pg/mL) on day 7 of treatment. This cytokine is considered a pro-hepatotoxic mediator leading to inflammation and tissue injury through activation of macrophages and natural killer cells. 18 This is consistent with a clinical study performed by Keane et al. that found that incubation of NVP with T-cells from a patient with NVP-induced skin rash led to the production of IFN-γ by T cells. 19 Reviews regarding the difficulties with production of animal models of idiosyncratic drug reactions are available elsewhere, but the major obstacle appears to be the development of immune tolerance. 20 This is consistent with the delayed onset of liver injury and resolution despite continued treatment observed in these mice. We suspect that the liver injury in humans is immune-mediated and that the reason that most humans and rats do not develop liver injury is that the dominant response is immune tolerance. It is known that the dominant immune response in the liver is tolerance 18 and that it is presumably why liver transplantations are relatively easy compared to transplantation of, for example, skin. Co-treatment of Cbl-b −/− mice with polyinosinic/polycytidylic acid, imiquimod, and even γ-irradiation to deplete circulating regulatory Tcells was used in an attempt to break the immune tolerance and induce sustained liver damage. All of these attempts were unsuccessful in both male and female mice (data not shown).
A clear picture regarding the specific types of proteins covalently modified by hepatotoxic drugs and the outcome of liver injury does not exist. Therefore, even though mice and rats display a relatively similar pattern of NVP-induced covalent binding, other individual or species-specific factors must play a role in the development of liver injury. In support of this, a recent clinical study demonstrated that patients who carried the HLA-DRB*01 allele were at increased risk of developing NVPinduced liver toxicity (the alleles associated with the risk of skin rash were different), but there was no association with the CYP2B6 genotype, which is polymorphic and is one of the P450s involved in the metabolism of NVP. 21, 22 In conclusion, we have clearly demonstrated that NVP covalently binds to hepatic proteins in mice, rats, and humans. The major chemical species responsible for this covalent binding is a quinone methide metabolite. We have shown a mild delayed-onset liver injury in C57BL/6 mice that may be the basis for an animal model if a method can be found to increase liver injury. More significant injury was observed in Cbl-b −/− mice, but the histology suggests that the mechanism may be different.
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